Abstract. Ecologic and bacteriologic observations of small mammals captured in Yunnan Province in the People's Republic of China indicated that Bartonella infections occurred at a high prevalence among some rodent species. Sequence analyses of the citrate synthase genes of these Bartonella demonstrated that rodents in this region harbored a diverse assemblage of strains. The Bartonella isolates obtained from Apodemus, Eothenomys, and Rattus typically clustered separately by genus of rodent host. Cultures obtained from Rattus rats were genetically related to Bartonella elizabethae, a recognized human pathogen. The finding of Bartonella species in a high proportion of the rodent samples from Yunnan suggests the need to investigate whether these agents might be responsible for cases of febrile illnesses of unknown etiology in southern China and elsewhere in southeastern Asia.
INTRODUCTION
Bacteria of the genus Bartonella cause a number of different illnesses, most of which are thought to be zoonoses. While some species of Bartonella were recognized as human pathogens early in the 20th century, recent evidence suggests that other species of Bartonella may also be pathogenic for humans. Diseases caused by these microorganisms involve a broad spectrum of signs and symptoms, including chronic bacteremia, fever, skin lesions, endocarditis, and other manifestations of disease of the central nervous system, liver, eye, and bone tissues. [1] [2] [3] Until very recently no information existed about distribution of Bartonella organisms or their role in human pathology in Asia, although two Bartonella species, B. henselae and B. clarridgeiae, have been reported from domestic cats in Indonesia, Japan, and the Philippines. [4] [5] [6] Our objectives were to describe the prevalence and genetic diversity of the Bartonella community found in rodents in certain locations in southern China and to define ecologic associations of the different Bartonella strains with rodent hosts.
MATERIALS AND METHODS
Study sites and trapping. In October 1999, small mammals were captured in Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, FL) or in locally constructed live traps in three study sites in Yunnan Province, People's Republic of China. Yunnan Province is located in the southwestern part of China, having a common border with Myanmar, Laos, and Vietnam ( Figure 1 ). The localities of these sites were Yiliang County (Yiliang City, 24.942°N, 103.130°E); Baoshan County (Baoshan City, 25.177°N/99.161°E); and Jianchuan County (Jianchuan City, 26.567°N, 99.883°E). Traps in Yiliang County were set around the Spring Forest golf course located approximately 40 km from Yiliang City (440 trap-nights) and on hillsides and peri-agricultural lands approximately 7 km from Yiliang-Xiao Mu Xing (400 trap-nights). Traps in Baoshan County were set near Banquiao and Shike villages (400 trap-nights) and in Baoshan City (100 trap-nights). Traps in Jianchuan County were set in Shibaoshan National Park (120 trap-nights) and on hillside near Shilong Village (370 trapnights).
Sampling. Captured animals were anesthetized and processed according to procedures used by provincial and district plague control laboratories during routine surveillance activities. The procedures were modified as described elsewhere to allow collection of rodent blood samples for Bartonella culture. 7 Blood and tissue from captured mammals were sampled in laboratories at three local public health stations and kept frozen until they were delivered to the Centers for Disease Control and Prevention in Fort Collins, Colorado. The captured animals were measured and identified by species during sampling procedures. To confirm the field identifications of the captured mammals, skulls and tissue samples from the animals were delivered to the Museum of Southwestern Biology at the University of New Mexico in Albuquerque, New Mexico.
Bartonella culturing. Procedures for culturing and characterizing of Bartonella bacteria were similar to those used for a similar study of rodent-associated Bartonella species in the United States. 7 Briefly, rat blood was diluted 1:4 in brain heart infusion and plated on agar supplemented with 5% rabbit blood. The dilutions of blood were supplemented with 5% fungizone to reduce the likelihood that fungal contaminants would overwhelm slowly growing Bartonella bacteria. The agar plates were incubated at 35°C in an aerobic atmosphere of 5% carbon dioxide for up to 20 days. Cultures were harvested after one to four passages.
Polymerase chain reaction (PCR) and sequencing. Bacteria cultures, which were tentatively identified as Bartonella by colonial and bacterial morphology, were later confirmed by PCR amplification of Bartonella-specific sequences of the citrate synthase gene (gltA). DNA was extracted from cultures using a QIAamp Kit (Qiagen, Chatsworth, CA). The oligonucleotide primers used in the PCR assays generated a 379-basepair amplicon from the gltA. 8 All PCR amplifications were carried out in a PTC200 DNA-Engine (MJ Research, Inc., Waltham, MA) for 35 cycles with the following cycle parameters: 95°C for 30 seconds, 45°C for 30 seconds, and 72°C for 30 seconds. To verify the presence of appropriatesized amplicons, the PCR products were subjected to electrophoresis in 1% agarose gels according to standard methods. Products of the correct size were purified with a PCR Purification Kit (Qiagen, Santa Clarita, CA) and sequenced in both directions using an ABI Prism DNA Sequencing Kit for Dye Terminator Cycle Sequencing Ready Reaction (PE Biosys-tems ABI, Foster City, CA), and the same primers were used for the PCR assays. Thirty cycles of a thermocycle program (96°C for 15 seconds, 50°C for 5 seconds, and 60°C for 4 minutes) were performed with a Gene Amp PCR System 9600 thermocycler (Perkin Elmer, Norwalk, CT). The products of this reaction were purified in Centri-Sep Spin Columns (Princeton, Separations, Adelphi, NJ), and sequenced using an ABI Model 377 Sequencer (PE Biosystems ABI). Removal of the primer sequences from the full-length amplicons resulted in 338-basepair sequences that were analyzed.
Sequence analysis. The resulting gltA sequences were analyzed with Lasergene sequence analysis software (DNASTAR Inc., Madison, WI) to obtain consensus sequences. The resulting novel Bartonella DNA sequences for the gltA were then submitted to GenBank for assignment of accession numbers. The Clustal V program in MegAlign (DNASTAR) was used to align and compare other Bartonella sequences found on GenBank, including previously sequenced and identified species of Bartonella, with homologous sequences from Bartonella identified from Yunnan rodents. The resulting alignment was imported into the PAUP (phylogenetic analysis using parsimony) software package for parsimony analysis (Center for Biodiversity, IL Natural History Survey, Champaign, IL).
RESULTS

Small mammals captures.
We captured 152 mammals belonging to 12 species or subspecies within four different mammalian orders. The small mammals captured included one species of Insectivora (mole shrew, Anourosorex squamipes), one species of Scandentia (tree shrew, Tupaia belangeri), one species of Carnivora (yellow-bellied weasel, Mustela kathiah), and nine species or subspecies of Rodentia (wood and field mice, 
yunnanensis).
The taxonomic status of some of the captured rodent species remains to be determined. Wilson and Reeder allied Eothenomys miletus with E. melanogaster pending a systematic revision of Pratt's voles. 9 Chinese zoologists recognize Rattus flavipectus and R. yunnanensis as separate species, but according to one recent reference, these names are synonyms of R. tanezumi. 9 For the purposes of our investigation the taxonomic categories "flavipectus" and "yunnanensis" will be listed as subspecies of R. tanezumi.
Two to six rodent species or subspecies were obtained from each study site. Subspecies of R. tanezumi were the only mammals captured from the trapping sites in Baoshan County. The most diverse small mammal community was observed in Jianchuan County. Rattus t. flavipectus was the most common rodent species in peri-domestic and peri-agricultural habitats in valleys in Yiliang and Baoshan counties, but this species was absent in habitats sampled in Jianchuan County. Apodemus chevrieri and E. miletus were the predominant species in broad-leaved forest and peri-agricultural lands in mountain areas in Yiliang and Jianchuan counties. Each of these three highly prevalent rodent species contributed from 15.8% to 39.5% of all captured small mammals, and together they comprised 81.6% of the captures.
Prevalence and distribution of Bartonella infection in rodents. Presence Genetic diversity of Bartonella isolates by study site. The gltA sequences from the Yunnan Bartonella cultures exhibited considerable heterogeneity and degrees of relatedness. A total of 20 unique sequences (genotypic variants) were identified ( Figure 2 ). The gltA sequences obtained from 17 novel Bartonella strains were submitted to GenBank and the GenBank accession numbers are shown in the Table 2 .
Two distinct genetic variants were found among Bartonella isolates from Yiliang County. Two isolates from R. norvegicus and one from R. t. flavipectus captured in this county were identical by sequencing of gltA, whereas an isolate from E. miletus had an 11.0% divergence from the isolates from Rattus species.
Seven genetically different variants were found among 23 Bartonella isolates from R. t. flavipectus from Baoshan County. Although the variants from this county differed from only 0.3% (99.7% similarity) to as much as 7.6% (92.4% similarity), the divergence between the strains was lower compared with that observed between strains obtained from Rattus and Eothenomys species in Yiliang County. The bacterial isolates obtained from R. t. flavipectus from Baoshan represented three distinct genotype groups with 92.4-94.0% similarity between groups and of 97-100% similarity within groups.
Thirteen different sequence variants were found among 31 Bartonella isolates from five rodent species from Jianchuan County. The 13 unique variants appeared to fall into into six genotype groups: one group containing two variants of Bartonella obtained from voles E. miletus, four groups containing strains obtained from different Apodemus mice; and one group containing the isolates from A. chevrieri and from R. norvegicus. Sequence homologies between paired variants in different genotype groups ranged from 86.7% to 92.9% compared with 95.3% to 99.7% homologies within group comparisons.
Host-specific relationships between rodent and Bartonella species. Sequence analyses demonstrated that all but one of the isolates of Bartonella bacteria isolated from species of FIGURE 2. Phylogenetic tree including the novel Bartonella isolates from rodents from southern China and some other Bartonella species generated from the analysis of 338-basepair sequences in the citrate synthase gene (gltA). Sequences of Bartonella isolates from Rattus rats described by Ellis and others 10 are indicated with an asterisk (*). Numbers on the tree indicate nucleotide changes between Bartonella type strains presented with GenBank accession numbers. The number of identical sequences per rodent host species and per study site is indicated in parentheses.
Rattus (R. norvegicus and R. t. flavipectus)
clustered within three groups on a single branch of the Bartonella phylogenetic tree (Figure 3 ). The variation in the level of similarity between the isolates in this branch ranged from 89.9% to 100.0%; similarities within the three clusters ranged from 96.7% to 100.0%.
All three Bartonella isolates obtained from voles (E. miletus) were clustered in a single distinct genotype (Figure 3) . Two of these strains were obtained from voles captured in the different parts of Yunnan (Yiliang and Jianchuan Counties) but were identical by gltA sequence comparison (GenBank accession number AF391281). The isolates from three species of Apodemus (A. chevrieri, A. draco, and A. latronum) were scattered among five different clusters. Nevertheless, all but one of these clusters contained only strains obtained from Apodemus mice. One isolate from A. draco collected from Jianchuan County was very close (one nucleotide change) to an isolate from a R. norvegicus captured at the same trapping site (Figure 2) .
Similarity between Bartonella elizabethae and Bartonella isolates obtained from Rattus rats collected in Yunnan. All Bartonella isolates from Rattus rats were placed on a single branch of the Bartonella phylogenetic tree along with B. elizabethae, B. tribocorum, B. grahamii, and other Bartonella isolates obtained from R. norvegicus from New Orleans, Louisiana; Los Angeles, California; Baltimore, Maryland; 10 and Peru, 11 and from R. rattus from Portugal 10 ( Figure 3 ). Eight genetic variants in total were found among 27 rat-associated strains. Of these variants, five sequences of 11 isolates had not been previously reported.
Fourteen isolates from R. t. flavipectus and two from R. norvegicus captured in Yunnan were identical to one of the three Bartonella strains obtained from R. norvegicus in New Orleans, Louisiana, or in Baltimore, Maryland.
DISCUSSION
This is the first published report of Bartonella species isolated from rodents in Asia. Ecologic and bacteriologic observations of small mammals in different parts of southern China demonstrated abundant and diverse communities of Bartonella associated with some rodent species. The prevalence of Bartonella bacteremia was high in the most prevalent species of rodents in Yunnan.
Comparative analyses of the citrate synthase gene sequences obtained from the Yunnan Bartonella cultures demonstrated that rodents in this region harbor a diverse assem- Apodemus, but we believe that this isolate is not specific for rats, but rather acquired from species of Apodemus found in the same area. The level of strain diversity observed among isolates from different rodent species is of ecologic and epidemiologic interest and warrants further investigation. The most important result of the study was the discovery that Yunnan rats are infected with a large number of Bartonella strains that are genetically related to the recognized human pathogen B. elizabethae. In 1986, Daly and others isolated unidentified, fastidious microorganisms from a patient with severe endocarditis at Saint Elizabeth's Hospital in Brighton, Massachusetts. The organism was re-examined and found to be a new species of Bartonella (B. elizabethae).
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Bartonella elizabethae has also been implicated as a cause of Lever's neuroretinitis based on comparative serologic results. 13 A serologic examination of inner-city residents with a history of intravenous drug use from Baltimore, Maryland revealed a high prevalence of antibodies reactive with B. elizabethae (33%).
14 A natural reservoir for B. elizabethae was not implicated until 1996 when Birtles and Raoult identified a strain of Bartonella obtained in Peru from a R. norvegicus that had gltA and 16SrRNA gene sequences that matched the sequences for the respective genes of B. elizabethae. 11 Heller and others isolated two Bartonella strains from R. norvegicus living in a rural environment in France that seemed to be genetically related to, but distinguishable from, B. elizabethae and proposed the name Bartonella tribocorum for these strains. 15 When the sequences of numerous Bartonella isolates obtained from domestic rats captured in 12 urban areas in the United States and from one locality in Portugal were analyzed by Ellis and others, they demonstrated that the isolates obtained from R. norvegicus in the United States A and from R. rattus in Portugal form a phylogenetic group that embraces seven novel genotypes, along with the genotypes of B. elizabethae and the Bartonella strains found in rats from France and Peru. 10 Two isolates collected from R. norvegicus in Louisiana and Maryland were identical to B. elizabethae. The only other Bartonella species that had a sequence similar to the isolates obtained from Rattus species, except B. elizabethae, was B. grahamii, which was isolated from the blood of a bank vole Clethrionomys glareolus in the United Kingdom.
Childs and others 16 and Ellis and others 10 proposed a hypothesis of an Old World origin for the group of Bartonella that includes B. elizabethae based on the finding of B. elizabethae-like strains among Rattus species. Since their introduction from the Old World through the activities of humans, rats of the genus Rattus have become common and widespread in urban and rural environments in other regions of the world. Our results not only support the hypothesis of Childs and others and Ellis and others, but also suggest that southeastern Asia is a likely area of origin of B. elizabethae-like bacteria. We base this suggestion in part on the well-accepted proposal that Southeast Asia was the initial site of radiation for Rattus species, and that these species occupy many different ecologic niches in the region. 17 The place of origin and means of dispersal for the B. elizabethae-related Bartonellae resemble that for the orientalis biotype of Yersinia pestis, which caused the third pandemic of plague at end of the 19th century and beginning of the 20th century. This plague biotype, which still occurs among Rattus rats in some regions of the world, was disseminated from its original home in Yunnan to sites on every inhabited continent through the movement of infected rats aboard ships. 18 The finding of B. elizabethae-like agents in a high proportion of the rat samples from Yunnan Province, China also suggests the need to investigate whether these agents might be responsible for cases of non-culturable bacterial endocarditis and febrile illnesses of unknown etiology in southern China and southeastern Asia.
